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| Introduction I

Relativistic Heavy lon Collisions - Tool to Probe Hot and Dense Nuclear Matter
A

1

expandi ng?hadron gas
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We study separately the
last interaction points
of hadrons produced in
thermalized but inelastic and in elastic
ERE e collisions, as well as

non-equilibrium )
> in resonance decays

H

non-thermalized

Au Au

[1 inelastic collisions — chemical equilibration
[1 elastic collisions — thermal equilibration

[1 resonance decays — characterize mostly the individual properties of the
emitted particles.

We investigate d?N/dzdt, d®?N/rrdrrdt, d?N/dycmdt, d?N/mrdmrdt and
their projections on the t-, z-, rp-, y- and mr-axes
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‘Dual Topological Unitarization Models I

These models are based on Gribov-Regge field theory (color exchange)
Cylinder digram

The simplest topology which contribu-
tion does not vanish at s — oo is a
two-string diagram

Planar digram

In hh interactions a one-string mecha-
nism (with quark-antiquark annihilation)
is possible in pp collisions but not in pp
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Such a diagram corresponds to the
Pomeron exchange in the GRT (weight
o 1/IN?). Its square has the topology
of a cylinder

Such a diagram corresponds to the
Reggeon exchange in the GRT (weight
o 1/N; contribution  s~1/2)
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‘Hard processes and multi-Pomeron exchanges I

The inelastic hh cross section 0;,(s) can be calculated via the real part of the
eikonal u(s,b)

Tin(s) = 2 / {1 —exp [-2u"(s,b)]} bdb

The eikonal can be presented as a sum of three terms corresponding to soft
and hard Pomeron exchange, and triple Pomeron exchange, which is responsible
for the single diffraction process,

uR(S’ b) — uift (S’ b) + u{}ard(s? b) + utf:}‘iple(sa b)
Using the Abramovskii-Gribov-Kancheli (AGK) cutting rules we get
Oin(s) = Z Tiik(s) ,

i,j,k=0;i+j+k>1

0. @)

oijk(s) = 27r/bdbexp [—2u®(s,b)]

. . k
208, (5,b)]" [2uf (5. )] [20ipte (5 D)
il 3! k! '

The last equation enables one to determine the number of strings and hard jets.

X
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|Freeze-0ut at SPS I

((:12N/dzdt distribution of the final state

L.B. et al., PRC 60 (1999) 044905

. . 2 . . . .
hadrons over (t,z)- coordinates of their d N/d??TdT'd'St"bUt'O" of pions over
last elastic and inelastic collision points the variables (7, 7)

t (fm/c)

I Y pb+po |

~ Pb+Pb z
-20-10 0 10 20 -20-10 0 10 20
z (fm)

Although the shape of the contours is
similar to the Bjorken proper-time sur-
face, the particles in QGSM are emitted
from the whole available space-time re-
gion

Freeze-out of pions in S+S and Pb+Pb at 160 AGeV

elastic and inelastic Pb+Pb

resonances

o B iy - ;é:“h_."hﬂa
20-10 0 10 20  -20-10 O 10

7
In these variables the sharp Bjorken

freeze-out would look like hypersurface
7 = const. The resonances produce
the long tail in the (7,7)-plot which is
strongest pronounced in the case of the
S+S collision
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dN/dt (c/fm)
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‘Sequential Freeze-Out I

L [
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dIN /dt-distribution of
the particles over their
last collision time, t.
The vertical arrows
correspond to the av-
erage emission times
of the species.

There is no unique
freeze-out time for
different hadrons.

Mesons are emitted
by about 10(6) fm/c
earlier than baryons in
Pb+Pb (S+S) colli-
sions at 160 AGeV/c.
This conclusion is valid
also for the particles
emitted in a certain
rapidity interval, e.g.
y| < 1.

Freeze-Out of Strange Hadrons at RHIC (page 6)



‘Sequential Freeze-Out I

L.B., L. Csernai, et al.,, PLB 354 (1995) 196

L.B. et al., NPA 715 (2003) 665

0.06

Au+Au at 130 AGeV |
—— NinQGSM ]

LT

dN/dt"** (a.u.)

(1) compared to lower energies, many
hadrons leave the system immediately
after their production

(2) mesonic distributions are peaked at
t=8—10fm/c

(3) distributions of baryons are wider
due to the large number of rescatter-
ings

Freeze-out order: 1 - pions; 2 - kaons;
3 - lambdas; 4 - nucleons
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|Freeze—0ut at RHIC I
(

d?N/p¢dp¢dt and d2N /ridrydt distribution of the final-state hadrons over
their last (elastic or inelastic) collision point.

1 2 i 30 20 40 60
p;, Gevic r-, fm

(1) Compared to SPS, not only pions but also many kaons, nucleons and
lambdas are emitted from the surface region rt ~ R within first fm/c.
(2) A strong collective transverse expansion of hadronic matter is observed.
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‘Freeze-Out and Elliptic Flow I

Au+Au (b=8 fm) at /s = 130 AGeV

dn/dt

fr eeze-out

V,(y=0)

=
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fr eeze-out

(1) Substantial part of
hadrons leaves the sys-
tem immediately after
their production within
the first two fm/c.

(2) Baryons and mesons
are completely different:
pions emitted within
the first few fm/c carry
the strongest flow. In
contrast to pions, the
baryon fraction acquires
stronger elliptic flow
during the subsequent
rescatterings, devel-
oping the hydro-like
flow.
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‘Freeze-out and Elliptic Flow of 7, N at RHIC I

-

Anisotropy in coordinate space and elliptic flow of nucleons and pions in Au+Au
collisions at /s = 130 AGeV with the impact parameter b = 8 fm.

1
p,, GeVic

2 3
p,, GeVic

Strong anisotropy in coordinate space, Anisotropy starts to develop in the
but weak anisotropy in the momentum momentum space for low momenta

space
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‘Freeze-out and Elliptic Flow of 7, N at RHIC I
(

Anisotropy in coordinate space and elliptic flow of nucleons and pions in Au+Au
collisions at /s = 130 AGeV with the impact parameter b = 8 fm.

-20
-20  -10 0

X, fm

Nucleons leave the overlapping region; ] ] ]
at the end of the reaction we see the The anisotropy n coo'rdmate space
(almond-shaped region) is transformed

pronounced maxima at centers of nuclei. | ] )
Most of the pions is staying within the 101D {10@ EREHEE (1D 2 Ermemei

overlapping area till the end of reaction

space.
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‘Freeze-out and Elliptic Flow of K, A at RHIC I
(

Anisotropy in coordinate space and elliptic flow of kaons and lambdas in
Au+Au collisions at /s = 130 AGeV with the impact parameter b = 8 fm.

2 3 1

p,, GeVic

2 3
p,, GeVic

Strong anisotropy in coordinate space, Anisotropy starts to develop in the
but weak anisotropy in the momentum momentum space for low momenta

space
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‘Freeze-out and Elliptic Flow of K, A at RHIC I

Anisotropy in coordinate space and elliptic flow of kaons and lambdas in
Au+Au collisions at /s = 130 AGeV with the impact parameter b = 8 fm.

d?N/dxdy for A at 80 fm/c has wide

plateau between centers of colliding nu- The momentum-space anisotropy for
clei. d?N/dxdy for kaons is much nar- baryons is much stronger than that for
rower; like pions, kaons are mostly con- mesons

centrated in the overlapping region
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|Freeze-0ut and Flow I

V,/s,(y=0)

30

freeze-out

(1) vo = vE — v

For pions v} (v3) falls
down (grows) with
tfreeze—out While  for
nucleons it is opposite.
(2) s9 = s3 — s3:

the difference between
sy and sy is more
pronounced than the
difference between v
and v, but the be-

haviour is very similar.
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| Recombination Models I

see e.g. R. Fries, nucl-th/0403036 and refs. therein

Recombination
Baryon _ 1 Fragmentation
Meson Baryon @ i
Meson

Recombination: no further branching of Fragmentation: partonic content of
partons occurs (i.e. some sort of ther- hadrons comes from gluons and qg
mal equilibrium is reached in the parton pairs emitted from the fragmenting
phase) parton
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| Conclusions I

[1 In microscopic model the system of final particles in heavy-ion collision can
be represented as a core and a halo. The core contains the particles which
are still in evolution through the inelastic and elastic collisions. The halo is
represented by particles which are already decoupled from the system and
move to the detectors.

[1 The shapes of the emitting sources are far from Gaussians. In addition, the
7- scaling, which is often used in the parameterizations, is not confirmed by
the model calculations for heavy systems like Au+Au.

[1 Different species decouple at different times. The order of the freeze-out of
hadronic species is as follows: 1 - pions; 2 - kaons; 3 - lambdas; 4 -
nucleons.

[1 At RHIC: Significant fractions of mesons and baryons are emitted within
the first two fm/c.

[1 Mesons with large P are predominantely produced at the early stages of
the reaction, whereas the low- P component is populated by mesons
coming from the decays of resonances.

[1 Elliptic flow depends strongly on particle freeze-out. Mesons: the freeze-out
picture is opposite to the evolution one. The earlier the freeze-out of
mesons, the stronger the v/ (y = 0) , while the v, of baryons frozen earlier
is weaker than the v, of baryons frozen later on.
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